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EXECUTIVE SUMMARY

In June 2000, a group of computer scientists, biologists, and natural resource managers met to
examine the prospects for advancing computer science and information technology (CS/IT) research
by focusing on the complex and often unique challenges found in the biodiversity and ecosystem
domain. We refer to this emerging, interdisciplinary field of study as Biodiversity and Ecosystem
Informatics (BDEI). This report synthesizes the discussions and recommendations made at the
workshop. It itemizes current BDEI challenges, lays out a national BDEI research agenda, and
recommends actions to be taken within the national research agenda. It also proposes specific
mechanisms to communicate and implement those actions. The following points summarize the
conclusions of this forum:

e The CS/IT research community plays a foundational role in creating the technological
infrastructure from which advances in the environmental sciences evolve;

e The next-generation CS/IT applications required by our expanding need to understand
complex, ecosystem-scale processes will require the solution to significant, ground-breaking
CS/IT research problems;

e Important new research opportunities for the CS/IT community are provided by the
urgency, complexity, scale, and uniqueness of the data, processes, and problems presented
by work in the biodiversity and ecosystem domain; and

e There is an increased need for governmental and industrial support of basic CS/IT research in
order to respond to these challenges. Both the national CS/IT and environmental research
agendas would derive significant, synergistic benefit from such investment.

In the remainder of this section, we introduce two major themes that weave throughout this report.
First, the CS/IT demands of biodiversity and ecosystem research are drastically changing, thereby
requiring new solutions to fit the altered landscape. Second, the CS/IT research community has a
long and successful record of creating new solutions and enabling the technology transfer needed to
put these ideas into practical use. It is therefore a wise investment of public monies to ensure that the
emerging, interdisciplinary field of biodiversity and ecosystem informatics becomes a healthy and
viable discipline.

! This workshop was supported by the National Science Foundation Digital Government Program under grant EIA-0084541,
the US Geological Survey, and the National Aeronautics and Space Administration. All opinions, findings, conclusions, and
recommendations in any material resulting from this workshop are those of the workshop participants, and do not necessarily
reflect the view of the sponsoring agencies. See http://www.gsfc.nasa.qov/BDEI for additional information.




Biodiversity and Ecosystem Sciences

The most striking feature of Earth is the existence of life, and the most striking feature of life is its
diversity. This biological diversity — or biodiversity — provides us with clean air, clean water, food,
clothing, shelter, medicines, and aesthetic enjoyment. Biodiversity, and the ecosystems that support it,
contribute trillions of dollars to national and global economies, directly through industries such as
agriculture, forestry, fishing, and ecotourism and indirectly through biologically-mediated services
such as plant pollination, seed dispersal, grazing land, carbon dioxide removal, nitrogen fixation, flood
control, waste breakdown, and the biocontrol of crop pests. And biodiversity — the biological richness
of ecosystems per se — is perhaps the single most important factor influencing the stability and health
of our environment. Clearly, this is one of our most important knowledge domains, vital to a wide
range of scientific, educational, commercial, and government activities.

There is an increasing need to understand and respond to complex environmental problems.
Just as we are developing a capacity to predict long-term climate events, we would now like to predict
public health and ecological outcomes far into the future. Unfortunately, we currently lack the
technologies to do this. The environmental sciences are “resource limited” by fundamental
inadequacies in the CS/IT tools that can be applied to problems of this scale. If we are to keep pace
with our need for quality information about the living systems of our planet, we must produce
mechanisms that can efficiently manage petabytes of a new generation of high-resolution, Earth-
observing satellite data. We must understand how to integrate these new datasets with traditional
biodiversity data, such as specimen data held in natural history collections, and genomic data from
cellular- and molecular-level work. We must be able to make correlations among data from these and
even more disparate sources, such as ecosystem-scale global change and carbon cycle data, compile
those data in new ways, analyze them, and present the results in an understandable and usable way.

Despite encouraging advances in computation and communication performance in recent
years, we are still unable to perform these activities on a large scale. It is only recently, for example,
that IBM announced plans to build the world’s fastest supercomputer — Blue Gene — which will
attempt to compute the three-dimensional folding of human protein molecules. Given the thousands
of proteins that are produced by the unknown millions of species on this planet, and given too that
many of these molecules may have potentially significant economic value or environmental
importance, we are clearly entering a new world of computer-mediated exploration.

Biodiversity and Ecosystem Informatics

Until recently, little attention has been paid to computer and information science and technology
research in the biodiversity and ecosystem domain. The interdisciplinary field of biodiversity and
ecosystem informatics (BDEI) is attempting to change that. We are pushing the boundaries in two
directions by identifying research challenges that can simultaneously advance the environmental
sciences and the computer and information sciences. The potential for such synergies is high because
of the nature of work in the biodiversity and ecosystem domain.

The single most important factor influencing work in this field is the problem of complexity.
This complexity arises from several sources. First is the underlying biological complexity of the
organisms themselves. There are millions of species, each of which is highly variable across
individual organisms, populations, and time. Species have complex chemistries, physiologies,
developmental cycles, and behaviors resulting from more than three billion years of evolution. There
are hundreds, if not thousands, of ecosystems, each comprising complex interactions among large
numbers of species and between those species and multiple abiotic factors.
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The second source of complexity is sociologically generated and includes problems of
communication and coordination — among agencies, divergent interests, and groups of people from
different regions, from different backgrounds, and with different points of view. Biodiversity and
ecosystem data can be politically and commercially sensitive and entail conflicts of interest. The kinds
of data scientists have collected about organisms and their relationships vary greatly in precision and
accuracy, and the mechanisms used to collect and store these data are almost as diverse as the natural
world they document. Many important observations are made by non-scientists, such as amateur
birders and natural history enthusiasts. And the range of datasets with which these datasets must
interact is unusually broad, including geographical, meteorological, geological, chemical, physical,
and genomic sources. There is thus an unusual need to accommodate differences in data quality
within a democratized community information infrastructure that is both formal and informal.

As in most biological and earth sciences, location is central. Much biodiversity and ecosystem
data is georeferenced — it is tied to some place on the globe. Sometimes the designation of a location can
be ambiguous or imprecise, especially with observations and samples taken in previous centuries. As a
result, something as central to the science as a means for spatial referencing becomes a complex issue.
Biodiversity and ecosystem data are also distinctive for being species-referenced. Genetic data is frequently
associated with a species or sub-species, invasions and extinctions are tracked at the species level, and
much of the characterization of an ecosystem is described through the number and distribution of its
constituent species. However, the naming of species is an abstract process, deeply embedded in long-
standing scientific cultural processes — incomplete, subject to local variation, and changing with time. In
the ongoing process of species discovery, different scientists may assign two or more names to the same
species, and a single species name may be applied to what turns out to be distinct species. To make
matters worse, most species on the planet have not yet been named and classified, and there is no
authoritative listing of all the species we do know. In this field, ontological complexities abound!

Many key biodiversity and ecosystem questions involve flux — changes in range, numbers,
distribution, genetics, and proportions over time. Extinctions, migrations, incursions, restorations,
predicted environment impacts are all issues of flux. However, seldom does one dataset span enough
time, area, or include enough species to answer a specific question by itself. Scientists often require that
biodiversity and ecosystem data be assembled from different sources into time sequences of
comparable datasets, realizing that the component datasets may have been compiled for quite different
purposes. Scientists also often deal with data at small scales over a large area or extended periods of
time. Many significant situations will be lost if standard methods for moving to larger scales are used.

Finally, historical information serves prominently in the work of biodiversity and ecosystem
scientists. Examples include plant and animal specimens and their labels, publications (some dating
back 250 years), maps, and personal field notebooks. The study of biodiversity and ecosystems
requires the analysis of trends, adaptations, and long-term relationships. These historical sources are
thus often as pertinent as contemporary data. An additional and significant problem is that many of
the historical information sources are not yet in digital form. For example, over 750 million natural
history specimens and their accompanying metadata remain to be digitized in the US alone.

Because of these complexities, humans still play a crucial role in the processing of biodiversity
and ecosystem data. This information is simply not as amenable to automatic correlation, analysis,
synthesis, and presentation as many other types of information. People act as sophisticated filters and
query processors — locating resources on the Internet, downloading datasets, reformatting and
organizing data for input to analysis tools, then reformatting again to visualize results. This process of
creating higher-order understanding from dispersed datasets is a fundamental intellectual process in
the biodiversity and ecosystem sciences, but it breaks down quickly as the volume and dimensionality
of the data increase. Who could be expected to understand millions of cases, each having hundreds of
attributes? Yet problems on this scale are common in biodiversity and ecosystem research.
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Biodiversity and Ecosystem Informatics Research Agenda

Given this context, there are clearly areas where computer science and information technology research
could be advanced — with great social and scientific benefit — by focusing on challenges in the
biodiversity and ecosystem domain. These synergistic opportunities fall into three major categories:
acquisition and conversion of data and metadata, analysis and synthesis of data and metadata, and
dissemination of data and metadata. Some specific opportunities include the following;:

Acquisition and Conversion of Data and Metadata

¢ Modernizing the Biological Library - The accumulated volume of biological information and
data collected over the past 250 years is massive. Improving methods for organizing, storing
and retrieving these records is extremely critical. New techniques and tools must be
developed for information extraction, text understanding, and cross-lingual information
retrieval, making this an important non-business application domain for research on data
integration, data cleansing, data warehousing, and archiving.

e Digitizing the Biological Legacy - America’s museums and laboratories maintain at least 750
million biological specimens. There is an urgent need to convert them, their documentation,
and new specimens into metric-quality digital formats. This provides an excellent
opportunity to advance research on lossless image compression, 3D image understanding,
robotics, and the problem of integrating physical artifacts into digital libraries.

e  Multi-dimensional Observation and Recording - Efforts are needed to enable the collection of
detailed information about the Earth in multiple dimensions and at multiple scales. This
provides rich opportunities for research on scaling sensor-fusion techniques to large fields
and developing and testing temporal-spatial data access methods.

e Mobile Computing - New instrumentation is needed to bring knowledge to the field and to
collect, store, and transmit data from the field. Specific opportunities here include
applications of human-computer interaction research to multi-model interfaces, hands-free
systems, wearable computers, remote presence, robotics, and human augmentation.

¢ Taxonomic Freedom - Changes in biological names and classification schemes over time and
discipline presents enormous challenges. There is a need to integrate various interpretations,
views, and versions of taxonomic data and make it available in a simple, easy-to-understand
formats. This provides an unusually challenging context in which to examine the flexibility
and robustness of knowledge representation systems, particularly their temporal and
versioning aspects and their support for cross-ontology linking and translation.

Analysis and Synthesis of Data and Metadata

e Comparing Across Scales - Biological data from different sources and times are frequently
collected and presented in different scales and resolutions resulting in a loss of detail when
multiple datasets are required for data synthesis and analysis. Tools and procedures to
facilitate analysis across scales are needed, which provides an important opportunity for
research on adaptive- and multi-resolution techniques for computation and modeling.

¢ Modern Modeling - Researchers, managers, and policy-makers require models for biological
decision-making rather than disaggregated collections of data and facts. Improved spatio-
temporal modeling of biological, ecological, and social processes are required, providing a
fertile area for multi-modal data assimilation research and high-performance computing.
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¢ Taxonomic Retooling - Taxonomists need new and improved tools for naming and defining
species, changing and manipulating taxonomic organization, and performing other tasks
regarding taxonomic content and structure. This provides a rich domain for research in
knowledge acquisition and hierarchical display techniques.

¢ Making Data Usable - Too frequently, decision-makers underutilize research results. To
enhance the use of biological data, decision-makers require systems that will facilitate the
synthesis and analysis of scientific data and research results. This is an excellent application
area for research on uncertainty analysis, reasoning with incomplete information, and
automatic summarization.

e Machine Processable Metadata - Current metadata is largely for human consumption. It is
used to document and help interpret datasets. However, much more value will be gained
from it when it is complete, correct, and descriptive enough to help automate data
manipulation tasks, such as summarization, combination of datasets, and conversion of data
to appropriate forms for use in models and statistical tools. There are important
opportunities here for testing of data-based inferencing technology and metadata-based
information integration research.

¢ Need for Speed and Accuracy - Many tasks in data management are iterative and require
considerable time. Researchers are frequently challenged with data entry and pattern discovery
procedures and are required to estimate the quality of utilized data. Meanwhile species are
disappearing at a rate greater than they can be recorded. This is a challenging domain for
research on data reduction and data mining algorithms, including parallel implementations,
modeling and analytic techniques with tunable accuracy, and data quality metrics.

Dissemination of Data and Metadata

e Visualization - Users of biodiversity and ecosystem data and information, including land
managers, policymakers, educators, non-governmental organizations, industry, and others
outside biological research, need visualization techniques to better understand data,
relationships among data, natural processes, and management actions over time. This leads to
opportunities for research on advanced display and visualization techniques, including display
of uncertainty, user-adaptive display, and multi-dimensional data visualization.

e Interdisciplinary Collaboration and Communication - Stakeholders of biodiversity and
ecosystem data are growing in numbers and breadth. No longer are management decisions
made solely by individuals or single agencies, but involve communities of individuals. This
calls for the development of computer-supported cooperative work and remote collaboration
research suited for participants with widely varying roles, specialties, and training. It also
provides opportunities to study cross-domain mapping, data integration, data quality
management, ontologies, and other knowledge representations.

¢ Data Management Guidelines - Biodiversity and ecosystem information is frequently used in
complex and potentially controversial political, economic, and environmental discussions
and decision-making. Informatics issues arising from this context include issues of data
security, data sharing policies, intellectual property rights, quality assurance, and reuse of
data. This provides important opportunities for research on data models for representing
annotation and provenance, explicit modeling of data product generation, and policy
development and dissemination techniques.




Biodiversity and Ecosystem Informatics Research Agenda Implementation Plan

A concerted effort should be made to build a sustainable biological information infrastructure that
proactively engages the broader CS/IT community in BDEI research. The following are among the
specific actions that should be taken:

¢ Interdisciplinary Planning Groups - Interdisciplinary planning groups, comprising members
of the biodiversity and ecosystem and CS/IT research communities, should be established to
serve as a mechanism for articulating and communicating the special informatics challenges
from one community to research actions in the other community. These planning groups
should identify existing CS/IT technologies that could be transferred from other domains,
long-term basic CS/IT research questions, short-term CS/IT research that needs to be
pursued, and infrastructure needs including, equipment, facilities, networks, and personnel.

e  Matching Research Needs with Available and Appropriate Mechanisms - Efforts to
implement any research agenda item need preliminary study to determine how these
research actions could benefit from existing programs. These programs include mechanisms
for funding, partnerships, interdisciplinary training and teaming, and resource sharing.

e Communicating the Research Agenda - Every effort should be made to communicate the
BDEI research agenda to an audience that includes researchers in computer science and the
biodiversity and ecosystem sciences, as well as the many agencies and foundations that
support their efforts. Recommended actions include developing extended workshops or
seminars; building a multi-sector, multi-disciplinary community; developing
interdisciplinary “matchmaking” mechanisms; adding a CS/IT component to existing
biodiversity and ecosystem projects; developing venues for multi-disciplinary activities; and
promoting biodiversity and ecosystem informatics through the dissemination of reports,
publications, email distribution lists, and websites.

e  Short-term Critical Actions that Require Immediate Attention - Several activities should be
acted upon immediately to “jump start” BDEI research. Paramount among these is an urgent
plea from the scientific community for the formation of an NSF, USGS, NASA interagency
strategic partnership to promote BDEI research. Within the next fiscal year, every effort
should be made to launch a high-profile solicitation for cutting-edge research in this area.
This activity should highlight the urgency and importance of biodiversity and ecosystem
informatics problems and opportunities, and provide a form for organizing problem-specific,
interdisciplinary consultative and investigative teams and pursuing problems relevant to the
core missions of the sponsoring agencies.

Conclusion

A more complete consideration of these issues is presented in the report that follows. The workshop
and report basically attempt to make the point that the biodiversity and ecosystem sciences are
fundamentally information sciences, and worthy of special attention from the computer science and
information technology community because of their distinctive attributes of scale and socio-technical
complexity. At almost every turn, scale, complexity, and urgency conspire to create a particularly
wicked set of problems. Working on these problems will undoubtedly advance our understanding
and use of information technologies, and, even more important, give us the tools to protect and
manage our natural world so as to provide a stable and prosperous future.
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Multiple Data Formats

Biodiversity and ecosystem information exists in thousands of independent, individual and
institutional databases, and in laboratory and personal field journals scattered throughout the
country. The determination of which format any particular dataset is stored in is a function of several
variables, including the availability and understanding of data collection and archiving software, the
purpose for which the data are used, time constraints of the data collecting organization, and the
amount of funding available for purchasing software and conducting staff training. The availability
and use of multiple formats for storing biodiversity and ecosystem data will, in all likelihood,
continue to occur. The CS/IT challenge is to ensure maximum compatibility and comparability of
data across formats, while not constraining data collection, archiving, conversion, and distribution
efforts.

Complexity of Biological Process

Knowledge about biodiversity and ecosystems is vast and complex. The complexity arises primarily
from two sources. The first is the underlying biological complexity of the organisms themselves.
There are millions of species, each of which is highly variable across individual organisms,
populations, and time. Species have complex chemistries, physiologies, developmental cycles, and
behaviors resulting from more than three billion years of evolution. There are hundreds, if not
thousands, of ecosystems, each comprising complex interactions among large numbers of species and
multiple abiotic factors. There is an immediate need to describe and model ecosystem processes and
biological systems in a machine-processable form through computational modeling. The second
source of complexity is sociologically generated. The sociological complexity includes problems of
communication and coordination —among agencies, among divergent interests, and among groups of
people from different regions and different backgrounds, such as academia, industry, and
government —all having different views and requirements.

Evolving Nature of Biological Sciences

Early biologists were principally concerned with species identification, descriptions, and range.
Today’s biologists deal with the complexity of bio-life cycles. For example, the salmon case study
presented above identified the broad spatial and temporal scale that fisheries biologists must deal with
in developing management plans for the Columbia River Basin. Within any given spatial-temporal
scale, factors influencing salmon life cycles may include numerous biological and non-biological events
and processes for which the biologist must find information in order to help support those making
management decisions. These events and processes may include climate, geology, fire, hydropower
development, land use, vegetation, water quality, exotic species, harvests, and much more. Locating,
retrieving, and analyzing such diverse data requires interdisciplinary collaboration among all data
providers and data users. A single project might require participation of scientists representing several
agencies or offices. Adding to the complexity of data needs, biologists and decision-makers often seek
these data for multiple years to better understand and describe natural and anthropogenic trends.

Ecological Prediction
Biodiversity and ecosystem sciences require extensive knowledge and understanding of past events,
interrelationships, and outcomes in order to gain new scientific understanding and predict future

outcomes. The biologist is constantly challenged to predict results, risks, and timelines for proposed
actions. As new discoveries and information accrue, adjustments in research or management strategy
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are required —in essence, an ongoing adaptive process. Computational models that analyze known
information, incorporate new discoveries, and predict interactions and change under various
conditions are needed.

These new models must take into account the complex and adaptive qualities of ecosystems
as well as the spatial and temporal aspects of biological data. The models must include tools for
automated data and information updating, building “what if” scenarios, developing visualization of
predicted outcomes over time, and computing confidence or uncertainty characteristics.

Political Mandates

Public natural resource agencies must observe numerous mandates and directives that, among other
things, dictate the types of data they collect and how they distribute those data. For example, in some
cases, the Endangered Species Act influences what data are collected and how they are collected. The
Freedom of Information Act outlines how data are to be distributed, including who has access to
what data. Other directives influence monitoring requirements as well as quality assurance activities.
Some directives require documents to be developed for, and open to, public comment. This
requirement has a bearing on content, format, scale, scope, and other factors affecting the data
management process.

Multiple Scales and Purposes

Multiple users access data for multiple purposes. The users of a particular dataset can conceivably
include everyone from elementary school pupils to Nobel Laureates. Their use of the data can vary
from showing the range of a particular species to investigating the effects an invasive species has on
the forest canopy or the economy in a given region. This wide range of users of, and uses for, data
presents a significant challenge for biodiversity and ecosystem informatics. How can a single dataset
serve such a wide range of interests and needs? To avoid recollecting data for different users, a single
dataset must meet the need of the most detailed users while not losing information or accuracy at
smaller scales for the more general user.

Limits on Resources

As new demands are placed on public resource agencies to collect, archive, maintain, and provide
biological data, additional burdens are placed on the agencies” physical, financial, and human
resources. This situation can create a bottleneck in the flow of data and threatens the nation’s capacity
to record, maintain, and make accessible its biological records. Biodiversity and ecosystem
informatics research can assist by developing new technologies and standard processes that meet
resource agencies budgets of time, expertise, and funding.
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BIODIVERSITY AND ECOSYSTEM INFORMATICS RESEARCH AGENDA

Based on the informatics challenges as identified through the case studies and discussions between
biologists and computer scientists at the workshop, participants recommended 13 activities that
should be included in a national BDEI research agenda. These activities can be grouped under three
topics: acquisition and conversion of data and metadata, analysis and synthesis of data and metadata,
and dissemination of data. Identification of specific CS/IT research opportunities follows each
recommendation.

FOCUS AREA 1: Acquisition and Conversion of Data and Metadata

Modernizing the Biological Library - The accumulated volume of biological information and data
collected over the past 250 years is massive. Unlike some disciplines, biological information is never
out of date and will be required into the foreseeable future. Improving methods for organizing,
storing and retrieving these records is extremely critical. New techniques and tools must be
researched and developed for:

o digitizing the existing corpus of scholarly work related to biodiversity and ecosystems on
a large scale,

¢ simultaneous acquisition of biological data from multiple sources including agencies,
research stations, and individual scientists;

e correlating data from different formats including GIS, tabular, and text;

¢ storing massive amounts of complex biological data and information, including
petabytes of high-resolution satellite imagery;

¢ handling variation in spatial and temporal scale across datasets;

e providing centralized and high-speed access to data and metadata;

e automating the capture of metadata from archived data and information;

e managing volume, quality, and versioning of data; and

e integrating data through essential attributes such as georeferences, URLs, and taxonomy.

CS/IT opportunities: Testing techniques for information extraction, text understanding, and cross-lingual
information retrieval. Non-business application domain for data integration, data cleansing, data warehousing,
and archiving research. Evaluation of temporal data models, cross-media linkage methods, and multi-scale
representations.

Digitizing the Biological Legacy - America’s museums and laboratories maintain at least 750 million
biological specimens. There is an urgent need to convert them, their documentation, and new
specimens into metric-quality digital formats. Many scientists would benefit from gaining network
access to accurate digital representations of these specimens. Research needs to be conducted to:

¢ develop new holographic scanners of high-level accuracy,

¢ refine virtual reality and three-dimensional modeling, and

e improve the processes and techniques for labeling specimens with annotations, collection
methods, taxonomic data, and other relevant metadata.

CS/IT opportunities: Test domain for image processing, video sensing, lossless image compression, and 3-D
image understanding technology. A possible application for advanced robotic manipulation capabilities.
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Multi-dimensional Observation and Recording - Efforts are needed to enable the collection of
detailed information about the Earth’s surface in multiple dimensions and at multiple scales. To
accomplish this, workshop participants recommended research to:

¢ develop new remote sensing methods, particularly for species identification, habitat
characterization, and biodiversity “hot spot” identification;

e enable the integration of data from disparate sensors; and

e store map information in four dimensions for complete spatial and temporal analysis.

CS/IT opportunities: Scaling sensor-fusion techniques to large fields. Testing temporal-spatial data access
methods.

Mobile Computing - New instrumentation is needed to bring knowledge to the field and to collect,
store, and transmit data from the field. Specific research activities include:

e developing techniques and tools for in situ access of remote data storage of species and
ecosystem characteristics,

¢ methodologies for extracting subsets of data for regionalization of species and
environmental attributes, and

¢ designing portable multi-media data recorders.

CS/IT opportunities: Application of human-computer interaction research in augmented reality, multi-model
interfaces, hands-free systems, wearable computers, and remote presence. Possible area for using adaptive
communication techniques for delivery of multi-media information and robotics and human augmentation.

Taxonomic Freedom - Changes in, and adaptations of, taxonomic names and classification schemes
over time and discipline present challenges to biologists in recording and locating relevant data and
information. The creation of new, and sometimes independent and concurrent, taxonomic
classifications will continue. There is a need to integrate various interpretations, views, and versions
of taxonomic data and make it available in a simple, easy-to-understand format. Tools are needed to:

e perform automated associations across different taxonomic schemes,

e display and browse multiple taxonomic classification systems simultaneously, and

e support the option of reorganizing taxonomic classifications to meet new findings and
systematic knowledge.

CS/IT opportunities: Examining the flexibility and robustness for knowledge representation systems,
particularly their temporal and versioning aspects and their support for cross-ontology linking and translation.

FOCUS AREA 2: Analysis and Synthesis of Data and Metadata

Comparing Across Scales - Biological data from different sources and times are frequently collected
and presented in different scales and resolutions resulting in a loss of detail when multiple datasets
are required for data synthesis and analysis. Tools and procedures to facilitate comparison and
analysis across scales while retaining important details are needed. Recommended research activities
include developing;:

e methods of specifying what data to present at various levels of scale,
e techniques and policies for data “averaging” at various levels of scale, and

15



e processes for extrapolating between specific ecosystem attributes and whole ecosystems
without compromising conclusions.

CS/IT opportunities: Testing adaptive- and multi-resolution techniques for computation and data modeling.

Modern Modeling - Researchers, managers, and policy-makers require models for biological
decision-making rather than simply studying disaggregated collections of data or facts. Further,
because of the complexity of biological processes and interactions, questions are frequently “fuzzy”
in nature. Improved spatio-temporal modeling of biological resources, and biological and social
processes, is required. Identified computer science research activities for modeling include
investigating:

¢ high-performance modeling and simulation development,

e methods and techniques for incorporating data into models,

¢ how to define model parameters and develop automated parameter induction within
models, and

e standards and methods for validating bioscience and social models.

CS/IT opportunities: A fertile area for testing developments in data assimilation research, including 4-D
assimilation, continuous assimilation, variational assimilation, and multi-model assimilation.

Taxonomic Retooling - Taxonomists need new and improved tools for naming and defining new
species, changing and manipulating taxonomic organization, and performing other tasks regarding
taxonomic content and structure. Useful tools for taxonomists would facilitate:

¢ simultaneous display and browsing of taxonomic content of different schemes dating
back several hundred years,

e editing taxonomic content and structure, and

e validating content and structure of existing classification schemes.

CS/IT opportunities: Test domain for research in knowledge acquisition and hierarchical display techniques.

Making Data Usable - Too frequently, decision-makers underutilize research results. To enhance the
use of biological data, decision-makers require systems that will facilitate the synthesis and analysis of
scientific data and research results. Such decision-support systems must include new techniques to:

e detect and represent biological and social changes over time and space, and
e identify gaps in, and duplication of, relevant data and information.

CS/IT opportunities: Application area for uncertainty analysis techniques, reasoning with incomplete
information, and automatic summarization.

Machine Processable Metadata - Current metadata is largely for human consumption. It is used to
document and help interpret datasets. It is sometimes collected and made available for searching in
order to locate particular data. However, much more value will be gained from it when it is complete,
correct, and descriptive enough to help automate data manipulation tasks, such as summarization,
combination of datasets, and conversion of data to appropriate forms for use in models and statistical
tools. Reaching this level of sophistication requires:
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¢ understanding the requirements on metadata to allow machine interpretation of it,
e producing robust systems for the collection and checking of metadata, and
e developing metadata-driven tools for data manipulation.

CS/IT opportunity: Testing of data-based inferencing technology and metadata-based information integration
research.

Need for Speed and Accuracy - Many tasks in data management are iterative and require
considerable time. Researchers are frequently challenged with data entry and pattern discovery
procedures and are required to estimate the quality of utilized data. Meanwhile species are
disappearing at a rate greater than they can be recorded. Automating many of these tasks can assist
bio-scientists in time and accuracy. Workshop participants recommended that CS/IT research be
conducted to:

o facilitate the extrapolation of data sampled from an ecosystem to the totality of that
ecosystem,

e develop techniques that indicate or rank quality and indicate the reliability of accessed
biological data,

e make improvements in data mining processes, and

e develop processes for automating data and metadata entry.

CS/IT opportunity: Challenging domain for data reduction and data mining algorithms, including parallel
implementations; modeling and analytic techniques with tunable accuracy; and data quality metrics.

FOCUS AREA 3: Dissemination of Data and Metadata

Visualization - Users of biodiversity and ecosystem data and information include individuals that
require visualization of natural processes and management actions over time. Use of such
visualization techniques can be for public discourse, adaptive management process (e.g. evaluating
management options) or educational purposes, as well as scientific inquiry. In particular, land
managers, policymakers, educators, non-governmental organizations, industry, and others outside
biological research need visualization techniques to better understand the data and relationships
among data. Research is required to:

e  better characterize the needs and requirements of data users,
e gain insight into how to adapt systems to specific user needs and behaviors, and,
e find techniques to indicate gaps, inconsistencies, and uncertainties when viewing data.

CS/IT opportunity: Application of advanced display and visualization techniques, including display of
uncertainty, user-adaptive display, and multi-dimensional data visualization.

Interdisciplinary Collaboration and Communication - Stakeholders of biodiversity and ecosystem
data are growing in numbers and breadth. No longer are management decisions made solely by
individuals or single agencies, but involve communities of individuals. Additional research needs to
be conducted in methods to facilitate community involvement in biodiversity and ecosystem research
and decision-making. These collaborative efforts must occur throughout a project’s life cycle from its
conception and, in fact, need to be second nature to the field of biodiversity and ecosystem
informatics. Specific areas for research include:
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e improving avenues of interdisciplinary communication between scientists, resource
managers, decision-makers, and the public;

e investigating ways of sharing resources, including facilities, personnel, and funding,
among all stakeholders;

¢ developing and testing innovative models for enhancing collaborative computer and
biological science research; and

e developing techniques for bridging the use of different standards for temporal, semantic,
and spatial references by different disciplines and communities.

CS/IT opportunity: Calls for the development of computer-supported cooperative work and remote collaboration
research suited for participants with widely varying roles, specialties and training. Also test case for cross-
domain mapping and integration of data, ontologies, and other knowledge representations.

Data Management Guidelines - Biodiversity and ecosystem information is frequently used in
complex and potentially controversial political, economic, and environmental discussions and
decision-making. Informatics issues arising from this context include issues of data security, data
sharing policies, intellectual property rights, quality assurance, and reuse of data. Further
development of technological tools to ease the burden of meeting the demands that these issues bring
is needed. CS/IT research is needed in:

e the development of controlled read/write access programs;

¢ developing policy templates for IPR, copyright, access, and distribution,
acknowledgements, and quality assurance and control;

e tracking use and property rights to support conformance with policies; and

e keeping the pedigree or provenance associated with data to better understand its sources
and history. (For example, Is it primary or secondary data? Who collected it? What
methodology was used? and What programs were used in subsequent processing?).

CS/IT opportunities: Application of data models for representing annotation and provenance, explicit modeling
of data product generation. Possible area for investigation of data dissemination techniques and policies.

IMPLEMENTING THE RESEARCH AGENDA

Implementation of the biodiversity and ecosystem informatics research agenda described here will
require a number of actions. Workshop participants recommended three areas where concerted effort
should be made to proactively engage the broader CS/IT community in BDEI research: form
implementation planning groups; utilize appropriate and available mechanisms for funding,
partnering, collaborating, and resource sharing; and identify short-term “critical actions” that require
immediate attention.

Interdisciplinary Planning Groups

Interdisciplinary planning groups, comprising members of the biodiversity and ecosystem and CS/IT
research communities, can serve as a mechanism to articulate and communicate the special
informatics challenges from one community to research actions in the other community. Such
planning groups will be more effective if they are formed to address specific biodiversity and
ecosystem “problem areas” (e.g. salmon conservation, invasive species, carbon cycle, etc.) rather than
general research issues. The planning groups could identify the following;:
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e existing CS/IT technologies that could be transferred from other domains,

e the long-term basic CS/IT research questions,

e the short-term CS/IT research that needs to be applied, and

¢ the infrastructure needs including, equipment, facilities, networks, and personnel.

Matching Research Needs with Available and Appropriate Mechanisms

Efforts to implement any research agenda item need preliminary study to determine how these
research actions could benefit from existing programs. These programs could include mechanisms for
funding, partnerships, interdisciplinary research, and sharing resources with compatible programs.

Funding options - Funding sources for BDEI research activities are numerous. NSF’s
Information Technology Research (ITR), Biocomplexity, and Digital Government programs provide
potential venues as does NASA’s High Performance Computing and Communications (HPCC),
Global Change, Carbon, and Terrestrial Ecology programs. In addition, the Department of Defense
provides funding opportunities that may be appropriate, and new activities, such as the proposed
National Ecological Observation Network (NEON) (see Appendix A-III) and the Global Biodiversity
Information Facility (GBIF) (see Appendix A-II), may create additional opportunities in the future.

Partnerships - The tasks required to accomplish many research agenda items is monumental.
The development of partnerships and the use of existing partnerships such as the National
Partnership for Advanced Computational Infrastructure (NPACI) are highly encouraged.

Interdisciplinary training and teaming - Biological scientists need tools and computer
scientists seek challenging problems that will result in applied technologies. Too frequently,
meaningful interchange between the biological and computer science disciplines does not occur.
Efforts must be made to link these two disciplines from the project planning process through testing
and evaluation of resulting technologies. Cross-training programs through academic institutions,
workshops, and other avenues need to be designed, funded, and implemented. Cross-teaming of
biological and computer scientists can be encouraged through innovative funding mechanisms that
support an initial “spin-up” phase to develop interdisciplinary teams, basic infrastructure, and
detailed research plans before launching into the main research activities. NSF’s Digital Government
program is responding to this need and can serve as example for facilitating interdisciplinary
processes in research and application of information technologies.

Sharing resources - Many institutions have developed technologies and infrastructure that
could be leveraged to strengthen the implementation of selected activities within the proposed
research agenda. Examples of such institutions include the National Biological Information
Infrastructure (NBII), Global Biodiversity Information Facility (GBIF), Long-Term Ecological
Research (LTER), and National Ecological Observation Network (NEON).

Short-term Critical Actions that Require Immediate Attention

Workshop participants noted a sense of urgency to begin implementation of the new BDEI research
agenda. Several activities were noted that could be acted upon immediately to “jump start” BDEI
research: developing an interagency strategic partnership to begin preliminary and requisite work on
the research agenda, recognizing the time critical nature of specific biodiversity and ecosystem
problems, and organizing problem-specific consultant teams to develop appropriate implementation
plans.
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Interagency strategic partnership - Workshop participants endorsed a strategic partnership
between NSF, NASA, and USGS to advance cutting-edge computer and information science research
and research in biodiversity and ecosystem sciences. By pooling existing resources, this interagency
BDEI R&D effort would immediately launch interdisciplinary “seed” projects and prepare for the
start of a major joint program in FY2003 that would address long-term research agenda
recommendations. These partner agencies would also jointly support low-cost “community building”
activities for the community. Such activities could include using Web-based information services to
announce the availability of BDEI “challenge problems” and data testbeds for CS/IT research
activities.

Recognizing the urgency and importance of biodiversity and ecosystem problems - The time-
critical nature of many biodiversity and ecosystem science and conservation issues could be more
effectively communicated to prospective CS/IT researchers. The urgency of these problems is an
important factor in the overall challenge and excitement of working in this domain, and can provide
researchers with a sense of accomplishment, knowing that they are making important contributions
to problems of global concern. It was recommended that every effort in this direction be made.

Organizing problem-specific consultant teams - The use of specialized, issue-specific, teams
of specialists was endorsed to develop appropriate implementation plans. It was envisioned that
these plans would be written for a specific biodiversity and ecosystem problem area, e.g. invasive
species, and included:

¢ long-term vision of biodiversity and ecosystem applications and information
management,

e Dbasic research (e.g., for predictive models) needed from the computer science
community,

e applied research (e.g., for data acquisition) required, and

e opportunities for meaningful interdisciplinary CS/IT and biology collaboration.

COMMUNICATING THE RESEARCH AGENDA

Workshop participants were asked to develop recommendations for how best to communicate the
BDEI research agenda to an audience that includes researchers in computer science and the
biodiversity and ecosystem sciences, as well as the many agencies and foundations that support their
efforts.

Develop extended workshops or seminars - The duration of these events would be, at a
minimum, one month and would focus on specific biodiversity and ecosystem informatics problems
using case studies as testbeds. Biologists and CS/IT scientists would work together to learn and
share, with a goal of developing a product that is applied and tested in the field. In the very near
term, a request for proposals to conduct the workshops needs to be developed and advertised.

Build a multi-sector, multi-disciplinary community - Considerable discussion during the
workshop centered on developing mechanisms for linking CS/IT researchers with biodiversity and
ecosystem researchers. Some progress, such as NSF’s Digital Government Program, has been made in
this direction and may be used as models. Collaboration between the two communities would
achieve a greater degree of success if the projects were conducted on specific testbeds. (See examples
of Bio-CS/IT collaborations in the Appendix).
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Develop “matchmaking” mechanisms - CS/IT researchers attending the workshop noted
their lack of awareness of opportunities to collaborate with biodiversity and ecosystem scientists on
challenging informatics questions and problems. Biodiversity and ecosystem scientists were likewise
unaware of the extent to which the CS/IT community might benefit from collaborations on the many
unique and challenging research questions in this field. Professional societies could be used to launch
“matchmaking” activities such as posting contact lists and publishing white papers. A specific
suggestion along these lines was to establish a corpus of BEDI “challenge problems” contributed by
biodiversity and ecosystem scientists. Such a challenge problem would describe the desired
capability, the limitations of current solutions, and the characteristics of a good solution (e.g.
efficiency, scale, precision). Each problem would be accompanied by one or more datasets on which
to test new approaches. The ready availability of test data, along with the presumed importance of
the problems, could entice computer researchers to try out their new ideas and latest developments
in the biodiversity and ecosystem domain.

Add CS/IT component to existing biodiversity and ecosystem projects - Biodiversity and
ecosystem projects are staffed by scientists trained (and interested) in the biological sciences. The new
emphasis on informatics within the biological sciences presents special challenges that are best
addressed by members of the CS/IT community. Incorporating or adding a CS/IT research emphasis
into existing biodiversity and ecosystem initiatives will provide cost- and time-effective opportunities
for CS/IT researchers and bolster the informatics aspects of existing biodiversity and ecosystem
research projects.

Develop venues for multi-disciplinary activities - Currently, computer science and the
ecological sciences are “vertically integrated” and seldom present opportunities for members across
disciplines to meet or work together for a common objective. Workshop participants recommended
that an effort to establish university departments or research centers and inter-disciplinary curricula
in biodiversity and ecosystem informatics be sponsored and developed. Participants also felt that
publishing a new journal (or special issues of existing journals) on biodiversity and ecosystem
informatics would provide a high-profile forum for the exchange of challenges and ideas across
disciplines.

Promoting biodiversity and ecosystem informatics through dissemination of reports - Much
still needs to be accomplished with regards to articulating and promoting the biodiversity and
ecosystem informatics mission. Continuing workshops and disseminating the findings and
recommendations in this report are critical to broadcasting the biodiversity and ecosystem
informatics research agenda. These reports should be made available to both biodiversity and
ecosystem and CS/IT researchers and should provide background and the current status of both
communities. Reports should also include visionary case studies that motivate interdisciplinary
research initiatives in biodiversity and ecosystem informatics. It is also important to provide
“experience papers” describing successful (and maybe unsuccessful) collaborations, past and present.

Promoting the biodiversity and ecosystem informatics agenda through publications, email
distribution lists, and websites - A wealth of publications within both communities is available to
engage scientists in the biodiversity and ecosystem informatics research agenda. Examples of
publications include SIGMod and the Bulletin of the Ecological Society of America. Professional
societies can assist in this effort by offering links on their websites and emails to their members.
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CONCLUSION

It's 2010, and Karen Culver is once again evaluating the proposed closure of the Silver Creek
diversion channel. Back in 2001, the channel wasn’t closed. While she felt closing the
diversion channel would help the bull trout population, in the limited time available, she
wasn’t able to get all the information she needed to make an effective presentation to the local
council.

The channel is now in need of repair, and closure is being considered again. Karen is
at the site where the channel leaves the stream, to get a feel for the situation. She dons a pair of
visualization goggles that interface with her portable computer. Using voice commands,

Karen can overlay her view of the terrain with different maps and datasets. She quickly
superimposes land ownership, topographic lines, and locations of previous biological studies.
She is also able to view the creek in false color, to see seasonal temperature variations, and
flow rates. She focuses her gaze on the channel and brings up counts of species that have been
surveyed there. She notes there has been an observation of a species of tiger salamander that is
listed as threatened.

She switches to the screen of her portable to look at the area in plan view. She
examines some aerial imagery of the drainage and adds a map showing the location of the
farms that draw water from the irrigation pond that the channel supplies, plus another map
showing land ownership and use in the area. Using this information she starts sketching a
route to nearby Crabb Lake that could supply replacement water.

Karen now turns to the effects of channel closure. She gets her co-worker, Tom
Hamilton, online, and he helps her select a model to use for predictions. He shows her how to
work a wizard that can help select and convert appropriate datasets for use with the model.
Within about fifteen minutes Tom and Karen have located suitable topographic and
meteorological data, and the wizard has suggested two possible hydrologic datasets. Tom
recommends using the second one, as it has more complete historical coverage. The model is
then dispatched to run remotely on a compute server, to work through the range of expected
stream temperatures and flows if the channel were closed. Although Karen isn’t explicitly
aware of it, the computation is actually split into three parts that take place on three different
high-performance cluster computers.

Karen is also wondering about sedimentation of downstream gravel beds where bull
trout currently lay eggs. She does a similarity search for documents about other stream
modifications in areas with comparable soil types and hydrology. She finds six and examines
them to find which most closely match the current situation.

The model calculations on predicted temperatures and flows after closing the channel
are done and have been transferred to Karen’s portable, as well as sent to Tom back at the
main office. She gets him back online to help interpret them in terms of effect on fish. He helps
her construct a plot comparing the periods each year when water temperature or oxygen levels
are likely to adversely affect the fish. They compare that plot to one based on records from a
recent year. They see that the closure would likely yield a great improvement, with periods of
adverse conditions being both less frequent and of shorter duration. With a little help from
Tom, she launches a task to render an animation of water conditions before and after closure,
with a color spectrum representing favorable to adverse conditions. That task is routed to a
remote server; all Karen cares about is that an MPEG-9 file for the animation is downloaded
onto her portable when she gives her presentation to the watershed council in the afternoon.
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The one nagging issue in Karen's mind still is the tiger salamanders in the creek.
She’d really like to know if that species of salamander was present before the channel was dug
(and thus can be expected to survive if the creek returns to a similar state). Unfortunately,
amphibian survey data on Silver Creek only go back about 15 years. Karen has an idea,
however. She dispatches a query through the National Biological Information Infrastructure
to search holdings of natural history collections throughout the country. In about four
minutes, she gets back two records of tiger salamanders collected at Silver Creek, in 1914 and
1933. She is quite impressed by the results, as the query system knew that Silver Creek was
called Sinners Creek before 1920, and that the scientific name of that particular species had
been modified in the 1950s. She is able to view the digitized label information for the 1933
specimen, which contains an annotation that tiger salamanders were abundant at several
places in the stream, including one site near the channel junction. She is reassured that there
likely will be suitable habitat for the salamanders if the channel is closed, though there will
still need to be some further study.

Karen sets off to her afternoon meeting with the council feeling much more confident

about the presentation she’s going to make than she did ten years earlier. She did in three
hours what she was unable to do in three days in 2001.
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APPENDICES

A-I. National Biological Information Infrastructure (NBII)
http://www.nbii.gov/|

The National Biological Information Infrastructure (NBII) was established in 1993 to help create a
national partnership for sharing information on the nation’s biodiversity and ecosystems. The
philosophy of the NBII is to build a distributed electronic federation of biological data and
information sources and, as part of this effort, provide an operational infrastructure that includes
policies, protocols, and standards for participation. These “guidelines” support discovery, retrieval,
integration, and application of biological data across NBII's distributed network. The NBII is a broad
collaborative activity involving many agencies and organizations. The US Geological Survey
provides overall coordination and leadership. The range of NBII's content and the development of
operational guidelines are two areas of focus.

Natural history collections and museums represent one example of a very important and rich
biological data “source” for the NBII. These institutions produce a tremendous amount of
biodiversity and ecosystem information (much of which is not even digital). NBII staff is working
directly with museums, as well as strategically on a national basis, to facilitate future access to these
important biological collections.

The goal for NBII is to have diverse biodiversity and ecosystem content from many types of
sources linked together and interoperable so users can locate all relevant information for a specific
question in a single search. As an example, a single query may result in retrieving museum specimen
data, satellite imagery data, an ecological model, and a technical report. NBII partners and
collaborators are working together to develop the “underpinnings” or infrastructure of the NBII
federation, including;:

e providing a standardized way for scientists to describe and document their biological
data and information;

e providing an online, consistent reference for biological nomenclature; and

e providing a comprehensive biological sciences thesaurus or controlled vocabulary.

The first element is being accomplished through the adoption of accepted dataset-level metadata
standards (i.e., the biological data profile of the FGDC metadata content standard). All metadata
produced following this standard is made accessible for online searching through NBII's metadata
clearinghouse.

While spatial coordinates locate objects in the spatial data world, species names locate objects
in the biological data world. Providing access to a scientifically credible, consistent biological species
nomenclature reference system is critical to success of the NBII infrastructure.

The third important infrastructure component is the development of a biological controlled
vocabulary or thesaurus that would be available as a consistent reference for use by content providers
in documenting contributions and by NBII's customers in locating relevant content. This will be
accomplished by building on existing vocabularies, “knitting” these vocabularies together, and
making the resulting product available for use online.
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A-II. Global Biodiversity Information Facility (GBIF)
http://www.gbif.org/|

Working in close cooperation with established programs and organizations that compile, maintain,
and use biological information resources, the Global Biodiversity Information Facility (GBIF) will be
an interoperable network of biodiversity and ecosystem databases and information technology tools.
GBIF will enable users to navigate and put to use the world’s vast quantities of biodiversity and
ecosystem information to produce national economic, environmental, and social benefits.

The central purpose of establishing GBIF is to design, implement, co-ordinate, and promote
the compilation, linking, standardization, digitization, and global dissemination of the world’s
biodiversity and ecosystem data, within an appropriate framework for property rights and due
attribution. It will have the characteristics of a large, distributed public domain databases with a
number of interlinked and interoperable modules (databases, software and networking tools, search
engines, analytical algorithms, etc.). GBIF will:

e Be a distributed facility, while encouraging co-operation and coherence;

e Be global in scale, though implemented nationally and regionally;

e Be open to participation by individuals from all countries, and offering potential benefits
to all countries, while being funded primarily by those countries that have the greatest
financial capabilities;

e Help bridge human language barriers by promoting standards and software tools
designed to facilitate their adaptation into multiple languages, character sets and
computer encodings;

e Serve to disseminate technological capacity by drawing on and making widely available
scientific and technical information; and

e  While aiming to make biodiversity and ecosystem information universally available,
facilitate respect for the contribution made by those gathering and furnishing this
information.

Operationally, GBIF will be established as a freestanding international organization. It will be
supported by a small secretariat that will work internationally to co-ordinate national and regional
efforts and bring focus to the organization and its activities. In addition, it will manage a small
amount of seed money to be used to support activities being conducted by other agencies.
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A-III. National Ecological Observatory Network (NEON)
http://www.archbold-station.org/abs/neon/index.html|

The National Science Foundation’s proposed National Ecological Observatory Network (NEON) will
establish 10 observatories located around the country that will serve as national research platforms
for integrated studies in field biology. Each observatory will provide state-of-the-art infrastructure to
support interdisciplinary, integrated research. Collectively, the network of 10 observatories will allow
scientists to conduct comprehensive, continental-scale experiments on ecological systems. Each
NEON observatory will include site-based experimental infrastructure; natural history archive
facilities; and facilities for biological, physical and data analyses. In addition, the 10 NEON
observatories will be linked via a cutting-edge communications network.

The objectives of NEON are:

e To provide a state-of-the-art national facility for field biologists to conduct cutting edge
research spanning all levels of biological organization from molecular genetics to whole
ecosystem studies and across scales ranging from seconds to geological time and from
microns to kilometers;

e To interconnect the geographically distributed parts of the facility into one virtual
installation via communication networks so that members of the field biology research
community can access the facility remotely; and

e To facilitate predictive modeling of biological systems via data sharing and synthesis
efforts by users of the facility.

The diversity of ecosystems that comprise our national landscape, from forests to grasslands and
deserts to tundra, precludes using only a single observatory for biocomplexity research. NEON will
constitute a distributed and virtual national laboratory for field biology and will foster integrated,
interdisciplinary research through long-term collaborations and data sharing. NEON is needed to
understand how our nation’s ecosystems function and to predict their response to natural and
anthropogenic events. NEON will also systematically and directly support application of new
technologies (e.g., functional genomics, molecule-specific stable isotopes, etc.) to advance ecological
research.

Each NEON observatory will contain a suite of common instruments for continental-scale
measurement and analysis. In addition, each observatory will have unique infrastructure to address
site-specific research questions. Intensive studies at each observatory will be facilitated by
standardized equipment for integrated field research (e.g., high resolution global positioning grid
arrays, mesonet scale meteorological equipment, eddy flux correlation towers, hydrological facilities,
etc.) and laboratory analyses (e.g. confocal microscopes, DNA sequencers, stable isotope mass
spectrophotometers, CHN Analyzers, ultracold tissue archives, and digital museum technology). The
observatories will have scalable computation capabilities and will be networked via satellite and
landlines to the vBNS, to each other, and to specialized facilities, such as supercomputer centers.

NEON will provide a superb platform for educational uses and outreach. K-12 students,
undergraduate students, and the general public heavily use biological field stations, potential
affiliates of NEON observatories. NEON communications and research facilities will introduce
students at all levels to cutting-edge ecological research. Many experimental research sites managed
by potential NEON members are located close to community colleges, land-grant colleges, and
HBCUs. In addition to its value for scientific and education purposes, NEON activities will develop a
wide range of data that will be of value to a broad array of users. The general public will be able to
access NEON databases, as will decision-makers.
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